
210

Research Article
Received: 6 June 2017 Revised: 3 August 2017 Accepted article published: 11 August 2017 Published online in Wiley Online Library: 27 September 2017

(wileyonlinelibrary.com) DOI 10.1002/ps.4698

Bioassay-guided isolation of potent aphicidal
Erythrina alkaloids against Aphis gossypii from
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Abstract

BACKGROUND: The cotton aphid (Aphis gossypii Glover) is one of the most invasive pests of cotton. Many botanical phytochem-
icals have a long history as a source of insecticides, and as templates for new insecticides. This study was undertaken to isolate
aphicidal compounds from the seeds of Erythrina crista-galli L. using the bioassay-guided isolation method.

RESULTS: Three novel and 11 known Erythrina alkaloids were isolated. Erysodine (9), erysovine (10), erysotrine (8) and
erythraline (11) showed moderate to excellent aphicidal activity with LD50 values of 7.48, 6.68, 5.13 and 4.67 ng aphid–1,
respectively. The Potter spray tower bioassay gave corresponding LC50 values of 186.81, 165.35, 163.74 and 112.78𝛍g ml–1. A
unique substructure, which presents an sp3 methylene at C-8, a non-oxygenated site at N-9 and a conjugated dienes group (𝚫1,2

and 𝚫6,7), plays a crucial role in the aphicidal activity. Application of erythraline (11) led to different increases in the activities of
superoxide dismutase, catalase and glutathione S-transferase.

CONCLUSION: The study demonstrated that the Erythrina alkaloids erysodine (9), erysovine (10), erysotrine (8) and erythraline
(11) have potential use as botanical aphicides for commercial application, or as templates for the development of new
insecticides.
© 2017 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Animal pests, most of them insects, potentially account for tremen-
dous economic losses in worldwide agricultural production.1,2

Among these insects, aphids (Hemiptera: Aphidoidea) are one of
the most invasive pests of temperate agriculture.3 Aphids feeding
on phloem sap lead to crop losses and quality deterioration, as a
result of their excretion of honeydew in which harmful sooty molds
consequently breed, and transmit plant viruses.4,5 Indeed, more
than half of all insect-vectored plant viruses are transmitted by
aphids.6 Historically, the approach employed to control aphids and
other hemipteran pests has depended on the use of specific sets
of systemic synthetic insecticides.7 However, long-lasting applica-
tion of these synthetic aphicides over past decades has led to the
development of pesticide resistance in several aphid species.8,9

In coping with resistant strains, the continued use of insecticides
poses substantial deleterious hazards to the environment, includ-
ing pesticide residues and toxicity to non-target organisms, such
as mammals and beneficial insects (natural predators, pollinators,
and parasitoids).10–12 Therefore, there is a great demand for effi-
cient and environmentally friendly pest control approaches as
alternatives to the synthetic pesticides used currently.

Botanical aphicidal secondary metabolites are a promising alter-
native to synthetic pesticides, due to their easy biodegradation

and low residuals, relatively low toxicity to mammals and other
non-target organisms, and different mode of action compared
with the currently available commercial insecticides.13–15 Bioac-
tive phytochemicals with unique structures, such as lignans,
flavonoids, terpenoids and alkaloids, are far better than man-made
compounds. They mainly exert defensive functions to protect
plants from predators such as insects, pathogenic microor-
ganisms and other herbivores, and their mode of action is the
result of millions of years’ coevolution between plants and their
predators.16 This is why many botanical phytochemicals have long
been used as insecticides and have served extensively as tem-
plates for a vast array of commercial synthetic insecticides on the
market today.15

Erythrina crista-galli L., often known as the cockspur coral tree, is
distributed widely in tropical and subtropical areas.17 The genus
Erythrina (Fabaceae) has more than 100 species that used in
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traditional medicine to treat human diseases, such as insom-
nia, asthma and toothache.17,18 Many different types of bioactive
phytochemicals such as alkaloids, flavonoids, polyphenols and ter-
penes have been isolated from Erythrina;17 of these, the alkaloids
have generated the greatest interest because of their useful bio-
logical profiles and characteristically unique spirocyclic structure,
which is a target template in organic synthesis methodology.18–20

Nevertheless, their insecticidal activity has been little studied to
date. Here, we used the bioassay-guided method to isolate insec-
ticidal Erythrina alkaloids from the seeds of E. crista-galli L., and
verified their aphicidal potential against Aphis gossypii Glover, an
extraordinarily crucial pest mainly feeding on industrial crop cot-
ton. It is expected that the seeds of E. crista-galli L. produced annu-
ally could sustainably supply the bioactive phytochemicals for
pest management.

2 MATERIALS AND METHODS
2.1 General apparatus and chemicals
UV–visual analysis was carried out using a Shimadzu UV-2700
spectrophotometer. A Bruker AMX-500 spectrometer was used
to record 1H NMR and 13C NMR, distortionless enhancement by
polarization transfer (DEPT), correlation spectroscopy (COSY), het-
eronuclear multiple bond correlation (HMBC) and heteronuclear
multiple quantum coherence (HMQC) spectra (solvent CD3OD)
with tetramethylsilane (TMS) as an internal standard at room
temperature. Compounds with KBr pellets were studied in a
Nicolet iS 50FT-IR spectrometer for infrared (IR) analysis. High
resolution electrospray ionisation mass spectrometry (HR-ESI-MS)
analyses were carried out using an API QSTAR Pular-1 mass spec-
trometer. A Shimadzu LC20A HPLC apparatus with a YMC-Pack
ODS (YMC, 250× 20 mm) chromatographic column was used for
semi-preparative reversed-phase chromatography (UV detector,
flow rate at 4 ml min–1). Column chromatography (CC) was carried
out on silica gel (200–300 mesh, Qingdao Haiyang Chemical Inc.,
Qingdao, China), and Lichroprep RP-18 gel (40-63 mm, Merck,
Darmstadt, Germany). Precoated GF254 silica gel glass plates
(Qingdao Haiyang Chemical Inc.) were used to monitor isolation.
Imidacloprid (≥ 98%) was purchased from Shanghai Aladdin
Reagent Co. Ltd. (China).

2.2 Plant material
Seeds of E. crista-galli L. were collected in September 2012 in
Guangzhou, China, and its voucher sample (No. 20121012) was
preserved in the Research & Development Center of Biorational
Pesticide, Northwest A&F University. The plant E. crista-galli L. was
identified by Professor Li Yan of Northwest A&F University.

2.3 Test insects
Aphis gossypii Glover (Hemiptera: Aphidoidea) of clonal lineages
used in the subsequent aphicidal tests was initially gathered
from cotton plants (Gossypium barbadense Linn.) infested with
a wild population of A. gossypii in the experimental fields of
Northwest A&F University. The collected aphids were reared on the
foliage of cotton plants at the seedling stage kept in inside-vented
plastic cages (100× 50× 50 cm) in a greenhouse at the Research
& Development Center of Biorational Pesticide. Aphids were kept
at 23± 2 ∘C under a 16: 8 h light/dark photoperiod and 55± 5%
relative humidity (RH). For the bioassays, identical-sized wingless
(apterous) adult aphids were used after collection between June
and August in 2013–2016.

2.4 Bioassay-guided isolation of aphicidal alkaloids
Dried seeds of E. crista-galli L. (9.70 kg) were crushed and imme-
diately extracted with 95% methanol (CH3OH) (25 L; 3× 3 days).
The filtrate was concentrated using a rotary evaporator (Shanghai
SENCO Technology Co., Ltd., Shanghai, China) at 45 ∘C. After evap-
oration, a yellowish-brown residue (613.2 g) was obtained and
stored at 4 ∘C. The obtained residue was suspended in 3% aqueous
tartaric acid and then partitioned between water and EtOAc. After
concentration, the EtOAc phase afforded a non-alkaloidal portion
(181.7 g). The aqueous phase was adjusted to pH 9.0 using ammo-
nia water (wt%, 25–28%), and was partitioned with EtOAc to give
an alkaloidal portion (29.8 g). The contact aphicidal activity of the
methanolic extract, non-alkaloidal and alkaloidal portions against
A. gossypii was tested before further isolation and the results are
summarized in Table 1. The alkaloidal portion with aphicidal activ-
ity was chromatographed on a silica gel column (10× 150 cm,
500 g) eluted successively with CHCl3/CH3OH (99:1, 85:15, 80:20,
50:50 and 1:99, each 7.0 L, v/v) to yield five fractions 1–5. Frac-
tions 2 and 4, which showed aphicidal activity (Table 1), were fol-
lowed by further isolations. Fraction 2 (3.9 g) was loaded onto a
silica gel column and eluted using petroleum ether (boiling range:
60–90 ∘C)/acetone (100:0, 30:70, 50:50, 70:30 and 0:100 v/v) to give
six subfractions (2a–2f ). Aphicidal subfractions 2b and 2c were
subjected to the following isolations (Table 1). For subfraction 2b,
Sephadex LH-20 gels were used in further purification eluting with
a CHCl3/CH3OH mixture (1:1 v/v) to give compounds 1 (23 mg),
6 (17 mg) and 10 (74 mg). For subfraction 2c, preparative HPLC
was performed for further purification eluting with a CH3OH/H2O
mixture (60:40 v/v) to give compounds 2 (11 mg), 7 (42 mg) and 8
(4 mg). Fraction 4 (3.1 g) was chromatographed on ODS HPLC and
eluted with a CH3OH/water mixture of increasing polarity (10:90,
30:70, 50:50, 70:30, 90:10 and 100:0 v/v) to give six subfractions
(4a–4f ). Aphicidal subfractions 4c and 4d were used for the fol-
lowing isolations (Table 1). Further purification of subfraction 4c
was carried out on a Sephadex LH-20 chromatograph eluted with
a CHCl3/CH3OH mixture (1:1 v/v) to give compounds 3 (11 mg), 4
(23 mg), 11 (19 mg) and 12 (19 mg). Similar treatment of subfrac-
tion 4d yielded compounds 5 (17 mg), 9 (36 mg), 13 (26 mg) and
14 (74 mg).

Cristanines C (1): Yellow solid; [𝛼]31
D +176.3 (∼0.20, methanol); UV

(methanol) 𝜆max (log𝜀): 207 (4.74), 237 (4.00), 259 nm (3.80); IR (KBr)
vmax: 3412, 1677, 1609, 1513, 1461 cm–1; HRESIMS m/z 366.1314
[M+Na]+ (calculated for C19H21NO5Na, 366.1317); 1H and 13C NMR
spectroscopic data (Table 2).

Cristanines D (4): Bright white powder; [𝛼]31
D +183.5 (∼ 0.20,

methanol); UV (methanol) 𝜆max (log𝜀): 204 (4.70), 238 (3.78),
292 nm (3.76); IR (KBr) vmax: 3475, 1617, 1504, 1482 cm–1; HRESIMS
m/z 354.1314 [M+Na]+ (calculated for C18H21NO5Na, 354.1317);
1H and 13C NMR spectroscopic data (Table 2).

Cristanines E (7): Brownish red solid; [𝛼]31
D +124.9 (c 0.20,

methanol); UV (methanol) 𝜆max (log𝜀): 204 (4.70), 238 (3.78),
292 nm (3.76); IR (KBr) vmax: 3415, 1610, 1514, 1460 cm-1; HRESIMS
m/z 370.1627 [M+Na]+ (calculated for C19H25NO5Na, 370.1630);
1H and 13C NMR spectroscopic data (Table 2).

2.5 Contact aphicidal assay
Contact aphicidal activity against A. gossypii was tested using the
reported topical application method21,22 with some modifications.
A microcapillary with a calibrated volume of 0.053 μl (Department
of Entomology, Nanjing Agricultural University, China) was used
for in the topical application. Test samples were diluted to the
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Table 1. Contact aphicidal activity of crude extract, alkaloidal fraction, non-alkaloidal fraction, fractions, subfractions, and pure isolated compounds
1–14 against Aphis gossypii at 24 h after treatment

LD50 ± SEM Toxicity regression equation

Sample (ng aphid–1) (y = a+ bx) 𝜒2 df P

Crude extract 372.50 ± 56.51 0.71 + 1.67x 2.17 3 0.53

Alkaloidal fraction 162.96 ± 37.92 2.57 + 1.09x 0.28 3 0.96

Non-alkaloidal fraction > 1000 – – – –

Fraction 2 77.60 ± 10.75 1.25 + 1.98x 1.67 3 0.64

Fraction 4 50.65 ± 8.03 2.15 + 1.67x 1.35 3 0.71

2b 34.39 ± 5.02 2.27 + 1.77x 1.50 3 0.68

2c 50.02 ± 6.03 1.19 + 2.24x 0.71 3 0.87

4c 42.36 ± 5.77 1.96 + 1.86x 3.16 3 0.36

4d 29.57 ± 3.56 1.40 + 2.44x 5.31 3 0.15

1–7, 12–14 > 530 – – – –

8 5.13 ± 1.10 4.03 + 1.35x 0.90 3 0.82

9 7.48 ± 1.55 3.79 + 1.37x 0.79 3 0.85

10 6.68 ± 1.16 3.66 + 1.62x 0.31 3 0.62

11 4.67 ± 0.73 3.87 + 1.68x 2.97 3 0.39

Imidacloprida 1.84 ± 0.40 4.68 + 1.20x 0.78 3 0.85

a Commercial aphicide imidacloprid as positive control.

Table 2. NMR data for compounds 1, 4 and 7 (𝛿 in ppm and J in Hz)a,b

1 4 7

No. 𝛿H (J) 𝛿C 𝛿H (J) 𝛿C 𝛿H (J) 𝛿C

1 6.96 dd (10.2, 2.5) 123.4 5.63 m 122.9 5.90 m 127.7

2 6.40 d (10.2) 138.0 4.21 m 72.3 4.33 m 71.3

3 3.75 m 74.8 3.55 m 80.3 3.70 m 80.6

4 2.97 dd (11.8, 4.4) 40.9 2.23 dd (12.2, 4.1), 38.5 2.76 overlap 32.3

1.89 dd (11.7, 10.3) 1.59 t (12.2). 2.03 dd (11.5, 4.6)

5 67.5 64.9 80.9

6 157.7 143.3 137.5

7 6.06 s 119.5 2.40 m 26.3 2.81 overlap 24.5

2.27 m 2.43 m

8 172.2 3.11 overlap 48.7 3.75 overlap 61.8

3.04 m 3.40 overlap

10 5.67 (dd, 4.3, 1.7) 74.0 4.59 dd (4.7, 1.8) 62.1 3.73 overlap 56.0

11 3.32 overlap 34.7 3.66 dd (15.1, 4.7) 49.3 3.25 m 25.6

3.20 overlap 3.16 dd (15.1, 1.8)

12 125.8 128.7 122.0

13 129.1 129.6 126.4

14 6.79 s 107.9 6.84 s 106.9 6.85 s 110.8

15 147.4 147.0 147.8

16 148.7 147.3 149.6

17 6.82 s 112.6 7.03 s 108.7 6.86 s 111.9

dioxy-methylene 5.96 s 101.1

3-OCH3 3.36 s 56.1 3.33 s 56.3 3.35 s 55.1

15-OCH3 3.81 s 56.2 3.85 s 55.5

16-OCH3 3.92 s 56.4 3.83 s 56.3

a Measured at 500 MHz (1H NMR) and 125 MHz (13C) in CD3OD.
b Assignments were based on HSQC, HMBC and 1H–1H COSY experiments.
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desired concentrations with 75% acetone/water, which gave
∼10–90% mortality. The diluent was used as the blank control
and imidacloprid was used as the insecticide control. Each dose
was applied to the dorsum of wingless adult aphids. For each
dose, 30 aphids were treated and each treatment was conducted
in triplicate. After treatment, each replicate was placed in a plastic
Petri dish (5.7 cm diameter), in which a filter paper holding a fresh
cotton leaf disc (2.7 cm diameter) was placed. The plates were then
transferred to a box containing a moist towel, and the covered
box was put in an artificial climate incubator under controlled
conditions (22± 2 ∘C, 16: 8 h L/D, 55± 5% RH). Aphids were mon-
itored under a dissecting microscope. If aphids did not move at all
after poking with a dissecting needle, death or moribundity was
identified.

2.6 Potter spray tower assay
The Potter spray tower assay was conducted using the reported
method.23 For direct contact exposure, three Petri dishes (9.0 cm
diameter) without lids, each containing 30 aphids, were placed in
a Potter tower (Burkard Manufacturing Co. Ltd., UK) and sprayed at
78 kPa with 2 ml of the prepared solutions. After spraying, treated
aphids in one dish were transferred using a soft brush to a clean
Petri dish (5.7 cm diameter) in which a filter paper with a fresh
cotton leaf disc (2.7 cm diameter) was placed. The plates were then
transferred to a box containing a moist towel, and the covered
box was put in an artificial climate incubator under controlled
conditions (22± 2 ∘C, 16: 8 h L/D, 55± 5% RH). The aphids were
monitored under a dissecting microscope. If aphids did not move
at all after poking with a dissecting needle, death or moribundity
was identified.

2.7 Enzyme preparation and activity assays
The most potent compound, erythraline (11), was chosen to inves-
tigate the effect on enzyme activities in A. gossypii at 58.80 μg ml–1

(LC25), 112.78 μg ml–1 (LC50) and 216.40 μg ml–1 (LC75). Aphids were
treated with the above concentrations of erythraline (11) by Pot-
ter spray tower as described above. After 24 h, living insects were
weighed and homogenized in 0.1 M ice-cold phosphate buffer at
pH 7.4 (1.5 ml). The obtained extracts were then centrifuged (10
000 g) for 20 min at 4 ∘C. The final supernatants after centrifuga-
tion were transferred to Eppendorf tubes, and used to determine
enzyme activities and protein concentrations. Five replicates were
carried out for each sample.

The activities of antioxidant enzymes, superoxide dismutase
(SOD) and catalase (CAT), and detoxification enzyme, glutathione
S-transferase (GST) in A. gossypii were determined by spectropho-
tometry. The enzyme activity assay for SOD used a tetrazolium salt
to detect superoxide radicals generated by xanthine and the xan-
thine oxidase system, and the detection was recorded at 550 nm.24

SOD activity was expressed in units per milligram of protein. One
unit of SOD activity was defined following the reported literature.25

For the CAT activity assay, the Beutler method was used to mon-
itor H2O2 (10 mM) hydrolysis and the decrease in its absorbance
at 240 nm (ΔA240).26 CAT activity was defined as ΔA240 min–1 mg
protein–1. GST activity was tested by following GST catalysis of
the reaction of 1-chloro-2, 4-dinitrobenzene (CDNB) (25 mM) with
the SH groups of glutathione.27 GST activity was calculated as the
rate of change in absorbance at 340 nm per mg protein (ΔA340

min–1 mg protein–1). Total protein content was calculated follow-
ing the Bradford method.28

2.8 Statistical analysis
Mortality rates were calculated from the percentage of dead
aphids at 24 h, and were corrected using Abbott’s formula. Calcula-
tion of LD50 (or LC50) values and analysis of variance (ANOVA) with
respect to least significant difference test (LSD, P < 0.05) were per-
formed using SPSS software, version 18.0.

3 RESULTS AND DISCUSSION
3.1 Contact aphicidal activity of the crude methanol
extract, alkaloidal and non-alkaloidal portions, fractions
and subfractions
During the bioassay-guided isolation, the contact aphicidal activ-
ity of the crude extract, alkaloidal and non-alkaloidal portions,
fractions 1–6, and subfractions 2a–2f and 4a–4f was evaluated
against A. gossypii after 24 h. The results are shown in Table 1.
As can be seen, the methanol extract and alkaloidal portion
showed aphicidal activity with LD50 values of 372.50 and 162.96 ng
aphid–1, respectively; the non-alkaloidal portion had no potency.
Only fractions 2 and 4 had obvious aphicidal activity (77.60 and
50.65 ng aphid–1, respectively), therefore leading to further isola-
tion to give the corresponding subfractions. Among the subfrac-
tions of 2, 2b exhibited a remarkable activity with an LD50 value
of 34.39 ng aphid–1, followed by subfraction 2c with an LD50 value
of 50.02 ng aphid–1. In the subfractions of 4, both 4c and 4d dis-
played significant aphicidal activity (42.36 and 29.57 ng aphid–1,
respectively). No aphicidal activity was observed for the other sub-
fractions of 2 and 4 (data not shown).

3.2 Structural elucidation of isolated alkaloids
In this study, seeds of E. crista-galli were collected, dried
and extracted with 95% CH3OH. The alkaloidal portion was
concentrated after acidic and alkaline treatments, and repeatedly
chromatographed on silica gel, Sephadex LH-20 and ODS HPLC
following the bioassay-guided isolation method to give three new
Erythrina alkaloids, and 11 known congeners (Fig. 1).

Compound 1 is an amorphous yellow solid. The molecular for-
mula was established as C19H21NO5 according to HR-ESI-MS (m/z
366.1314 [M+Na]+), being responsible for 10 degrees of unsatu-
ration. The 1H, 13C NMR and DEPT data for compound 1 indicated
the presence of three methoxyls (-OCH3), two methylenes, seven
methines (including two oxy-methines, two aromatic methines
and three olefins methines) and seven non-protonated carbons
(including four aromatic quaternary carbons). Three methoxy
groups were attached to C-3, C-15 and C-16, as deduced from
the HMBC correlations of H3-3-OMe, H3-15-OMe and H3-16-OMe,
to each methoxy-bearing carbon, respectively. Comparison of
its 1H and 13C NMR data (Table 2) with those of erysotramidine
(2) indicated that they shared the same skeleton.29 The only
difference is the C-10 site which contains an additional oxyme-
thine group. This was confirmed by the downfield shifted signal
(𝛿C-10 74.0) in the 13C NMR spectrum and downfield chemical
shift of 𝛿H-10 5.67 in the 1H NMR (Table 2). The positive specific
rotation [𝛼]31

D +183.6 (c 0.20, CH3OH) of 1 suggested that its
C-5 position presented an S configuration.30,31NOESY correla-
tions (Fig. 2) of H-3/H-14 suggested that the methoxy group at
C-3 had an 𝛼-configuration. Other NOESY correlations are sat-
isfied by the configuration of the new compound 1 illustrated
in Fig. 2. In addition, biogenetic considerations on Erythrina
alkaloids20,32,33 and the identical chemical shift of C-3 with known
compounds34–37 suggested that 1 has an R configuration at C-3.
The absolute configuration of C-10 was assigned as R from the
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Figure 1. Chemical structures of isolated compounds 1–14 from Erythrina crista-galli L.

Figure 2. Selected key NOESY correlations of compounds 1, 4 and 7.

NOESY, which indicated that there was an interaction between
H-10 and H-4𝛽 (Fig. 2). This interaction was identical to that of the
reported compound (3R,5S,10R)-10-hydroxy-11-oxoerysotrine,
in which an 𝛼-configuration of the hydroxyl (-OH) was iden-
tified at C-10.38 Therefore, compound 1 was characterized as
(3R,5S,10R)-10-hydroxy-erysotramidine, and named cristanines C.
This compound is only the third Erythrina alkaloid with an -OH
group at C-10.38,39

Compound 4 is a bright white powder. The molecular for-
mula was established as C18H21NO5 according to its HR-ESI-MS
(m/z 354.1314 [M+Na]+). The 1H and 13C NMR and HSQC data for
compound 4 indicate that it had one double bond (𝛿H 5.63 m, 𝛿C

122.9, C-1; 𝛿C 143.3, C-6) with three substituents, two secondary
-OH groups (𝛿H 4.21 m, 𝛿C 72.3, C-2; 𝛿H 4.59 dd, 𝛿C 62.1, C-10), one
-OCH3 group (𝛿H 3.33 s, 𝛿C 56.3, C-3-OMe), and one methylene-
dioxy group (𝛿H 5.96 s, 𝛿C 101.1). It was supposed that compound
4 had an erythrinan skeleton with a -OCH3 group at C-3, two -OH
groups at C-2 and C-10, and a Δ1,6-olefin, which was deduced

from the sequences of 1H– 1H COSY cross-peaks (C-1 to C-4, C-7
to C-8) and the following HMBC correlations: H-dioxy-methylene
to C-15 and 16; H3-3-OCH3 to C-3; H-17/C-11, 12 and 16; H-14/C-5,
13 and 15; H-11/C-10, 12, 13 and 17; H-7/C-1, 5, 6 and 8; H-1/C-2,
3, 5, 6 and 7; H-2/C-1 and 3; H-3/C-4 and 5; and H-4/C-3, 5 and
6 (Fig. 3). These data (Table 2) suggested that the structure of
compound 4 was similar to that of erythratine (6) except that
the methylene signal at the C-10 position was replaced by an
oxymethine signal which displayed the downfield shifted signal
(𝛿C 62.1).40 In the 1H NMR spectrum, the chemical shift of this moi-
ety appeared downfield (𝛿H 4.59). The positive specific rotation
value [𝛼]31

D +183.6 (c 0.20, CH3OH) of 4 suggested an S configu-
ration at C-5.30,31 The interaction between H-10 and H-4𝛽 in the
NOESY indicated that compound 4 had a R absolute configura-
tion at C-10 (Fig. 2). Compound 4, therefore, was determined to be
(3R,5S,10R)-10-hydroxy-erythratine, and named cristanines D.

Compound 7 is a brownish red solid. It had a molecular for-
mula of C19H25NO5 deduced from its HR-ESI-MS (m/z 370.1627
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Figure 3. Selected key 1H− 1H COSY and HMBC correlations of compounds 1, 4 and 7.

Table 3. Potter spray tower assay of compounds 8, 9, 10 and 11 against Aphis gossypii at 24 h after treatment

Compound LC50 ± SEM a Toxicity regression equation 𝜒2 df P
(μg ml–1) (y = a+ bx)

8 163.74 ± 22.67 1.00 + 1.81x 2.53 3 0.46
9 186.81 ± 25.49 0.87 + 1.82x 2.96 3 0.39
10 165.35 ± 14.12 –1.52 + 2.94x 2.18 3 0.53
11 112.78 ± 11.95 0.11 + 2.38x 0.60 3 0.89
Imidacloprida 45.40 ± 10.18 3.19 + 1.09x 1.51 3 0.67

a Commercial aphicide imidacloprid as positive control.

[M+Na]+). The 1H, 13C NMR, DEPT and HSQC data for compound 7
indicated that it had three methoxyls (-OCH3), five methylenes, five
methines (including two oxy-methines, two aromatic methines
and one olefin methines) and six non-protonated carbons (includ-
ing four aromatic quaternary carbons). In light of the data, the
structure of 7 was shown to be similar to that of erythratidine (5).41

The positive specific rotation [𝛼]31
D +124.9 (c 0.20, CH3OH) of 7 sug-

gested that it has as an S configuration at C-5.30,31 Additionally,
there was one more oxygen atom in compound 7 compared with
erythratidine (5). Analysis of differences in the 13C NMR spectra
between erythratidine and compound 7, showed that the adja-
cent atoms C-5, C-6, C-8 and C-10 of compound 7 were markedly
deshielded, which revealed that N-9 was oxygenated. Therefore,
the relative configuration of 7 was assigned to erythraline N-oxide
(Fig. 3), and named cristanines E.

The other 11 known compounds were established as erysotrami-
dine (2),29 8-oxo-erythraline (3),42 erythratidine (5),41 erythratine
(6),40 erysotrine (8),43 erysodine (9),44 erysovine (10),45 erythra-
line (11),46 crystamidine (12),38 erytharbine (13)47 and erythrinan
(14)48 by comparing their spectroscopic data with those in the lit-
erature.

3.3 Aphicidal assay and structure–activity analysis
The aphicidal activity of the isolated compound was preliminar-
ily assessed using the reported topical application method21,22

and the results are given in Table 1. The new compounds 1,
4 and 7 showed an absence of aphicidal activity at a dose
of 530 ng aphid–1. Among the known compounds, erythraline
(11) displayed the highest aphicidal activity with an LD50 value
of 4.67 ng aphid–1. Its potency was slightly lower than that of
imidacloprid (1.84 ng/aphid), a commercial systemic aphicide.
Three other active compounds erysotrine (8), erysodine (9) and
erysovine (10) showed moderate aphicidal activity (LD50 values
of 5.13, 7.48 and 6.68 ng aphid–1, respectively) in comparison

with imidacloprid. The Potter spray tower assay under controlled
experimental conditions is routinely used to simulate the spray
effects of insecticides in field. The results of the Potter spray
tower assay for compounds 8, 9, 10 and 11 were summarized
in Table 3. Erythraline (11) was the most potent compared with
the other three aphicidal compounds, although its potency (LC50,
112.78 μg ml–1) was obviously lower than that of imidacloprid
(45.40 μg ml–1).

Comparison of the structures of between bioactive and inactive
compounds shows some interesting structure–activity relation-
ships (Fig. 4). Generally, the four bioactive compounds 8, 9, 10 and
11 have the same substructure comprising rings A, B and C, which
includes an sp3 methylene at C-8 and a conjugate dienes group
(Δ1,2 and Δ6,7). First, the substituent on C-8 had a significant influ-
ence on the activity, which could be explained by comparisons of
compounds 2 and 8. Specifically, replacement of H atoms at C-8
(8) by a carbonyl group resulted in the loss of potency for com-
pound 2. Second, the conjugate dienes group (Δ1,2 and Δ6,7) was
also a critical factor in the activity, as seen from the inactive com-
pounds 4, 5 and 6 in which an olefin group Δ1,6 was presented.
In addition, the non-oxygenated state of N-9 was necessary for
the activity. Compared with bioactive compound 8, compound 13
with an oxygenated state of N-9 was void of activity. Additionally,
with substituents on ring D varying for compounds 8, 9 and 10, the
aphicidal activity was mostly reserved. Taken together, the unique
substructures of rings A, B and C are pivotal in the aphicidal activity
of Erythrina alkaloids, whereas the D ring could serve as a modi-
fied site for improvement of the potency of the bioactive scaffold
(Fig. 4).

3.4 Effect of erythraline on enzyme activity in A. gossypii
The activities of SOD, CAT and GST in A. gossypii after treatment
with the most potent compound erythraline at concentrations
of 58.80 μg ml–1 (LC25), 112.78 μg ml–1 (LC50) and 216.40 μg ml–1
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Figure 4. Structure–activity analysis of the isolated Erythrina alkaloids.

(LC75) were assessed at 24 h (Fig. 5). The treated groups showed sig-
nificant elevation in SOD and CAT activity at LC50 and LC75 (one-way
ANOVA, P < 0.05). At LC25, the treated groups and controls showed
no significant differences in SOD and CAT activity, respectively. GST
activity was significantly greater than in the control following treat-
ment with erythraline at doses of LC25, LC50 and LC75 (one-way
ANOVA, P < 0.05). Meanwhile, a positive correlation was observed
between erythraline concentration and GST activity in A. gossypii
(N = 4, r = 0.9951).

Insects are depend on their antioxidant enzymes, including
SOD and CAT, responding concatenately to endogenous and
exogenous toxic compounds. Exogenous toxic chemicals such

as insecticides activate these antioxidant enzymes, which are
associated with insect resistance to these chemicals.49,50 Many
botanical alkaloids are known for their toxicity to insects and are
resourcefully used as natural insecticides. It has been demon-
strated that these biological alkaloids induce oxidative stress
and activate the antioxidant systems in some phytophagous
aphids.51–53 Our study showed that the activities of SOD and CAT
increased significantly at LC50 and LC75 doses of erythraline, indi-
cating that both SOD and CAT in A. gossypii are involved in erythra-
line metabolism when aphids are exposed to erythraline above
a threshold concentration. By contrast, detoxification enzymes,
such as GST, are closely involved in the detoxification of vari-
ous xenobiotics in insects, which makes pests resistant to many
insecticides.54 GST could catalyze the antioxidant defensive reac-
tions of glutathione to the electrophilic centers of natural and syn-
thetic exogenous xenobiotics and thus negotiate the resistance
of insects to many commercial insecticides. It has been shown
that natural xenobiotic alkaloids increase GST activity in many
phytophagous pests.55–57 In our study, erythraline significantly
increased GST activity in A. gossypii, and the increase was posi-
tively correlated with erythraline concentration, suggesting that
GST takes part in erythraline detoxification.

Owing to their structures and diverse biological activities,
Erythrina alkaloids have attracted great interest. Systematic
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studies have shown that some Erythrina alkaloids, including
dihydro-𝛽-erythroidine, erysodine (9), erysotrine (8), epierythrati-
dine O-acetylerysodine and erysopine, are potent antagonists of
neuronal nicotinic acetylcholine receptors (nAChRs), and display
selectivity for the 𝛼4𝛽2 subtype of nAChRs.58–60 The binding sites
of Erythrina alkaloids on nAChRs are located at the interfaces
between the 𝛼- and 𝛽-subunits in heteromeric receptors of 𝛼4𝛽2
subtype, which differs greatly from the binding sites of neonicoti-
noids, the agonists of nAChRs.61,62 Therefore, aphicidal Erythrina
alkaloids might have great potential in the management of aphids
that are resistant to neonicotinoids.

4 CONCLUSION
This is the first study investigating the aphicidal activity of E.
crista-galli L. seed extracts and isolated Erythrina alkaloids. A crude
methanol extract of E. crista-galli L. seed was subjected to the iso-
lation principle of the bioassay guided method. Three novel alka-
loids were isolated and identified as cristanines C (1), cristanines
D (4) and cristanines E (7). Among the isolated compounds, eryso-
dine (9), erysovine (10), erysotrine (8) and erythraline (11) exhib-
ited moderate to high aphicidal activity. Based on the results of
aphicidal tests, several structure–activity relationships were iden-
tified, which may be helpful in further exploring these bioactive
compounds. The most potent compound erythraline (11) led to
significant elevation in SOD and CAT activity in A. gossypii at LC50

and LC75 doses. GST activity in A. gossypii showed a significant
increase that was positively correlated with the erythraline con-
centration. We are undertaking further studies to investigate the
mechanisms underlying the observed aphicidal activity of the
bioactive compounds and elucidate the potential of those bioac-
tive compounds for commercial application.
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